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The Effect of Protein Particle Size
Reduction on the Physical Properties
of CO2-Precipitated Casein Films
KIRSTEN L. DANGARAN, PETER COOKE, AND PEGGY M. TOMASULA

ABSTRACT: Casein precipitated with high pressure-CO2 (CO2CAS) has unique properties compared to commercial
acid-precipitated casein. CO2CAS is less water-soluble and films made from it are less susceptible to high humidity
environments; however, the films are also opaque and hazy. The appearance of CO2CAS films is important especially
if applied as a food coating. To improve the appearance properties, the particle size of CO2CAS film plasticized with
glycerol was reduced. The effect of protein particle size reduction on tensile properties, water vapor permeability
(WVP), and gloss was studied using ASTM methodology. As particle size of the CO2CAS was reduced from 126 μm to
111μm, tensile strength and modulus of the films increased, while WVP decreased. With the same particle reduction,
gloss increased from 55.3 gloss units on average to 73 gloss units, but films were still hazy. With a particle size less
than 86 μm, CO2CAS films were glossy and transparent, however, tensile strength decreased and WVP increased.
Depending on desired application, the properties of CO2CAS films can be optimized by changing particle size.
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Introduction

Edible films and coatings serve an important role in the pro-
tection and preservation of food. Acting as barriers to biolog-

ical or chemical damage, films and coatings can extend the shelf-
life of a product. Much work has been done on edible films and
coatings made from agricultural materials such as soy protein, ca-
seinate, whey protein, starch, and corn zein (Brandenberg and oth-
ers 1993; Gennadios and others 1994; Psomiadou and others 1996;
Cuq and others 1998; Cagri and others 2004). These materials have
been found to have gas barrier or tensile properties similar to syn-
thetic packaging materials like polyethylene, PVC, or EVOH. How-
ever, most films made from these proteins or polysaccharides are
hydrophilic, making them sensitive to high moisture environments
and causing them to become tacky and to swell.

Tomasula and others (1995) have developed a process to isolate
casein from milk using high-pressure CO2. Under elevated pres-
sure and temperature, the solubilized CO2 creates an acidic envi-
ronment, which causes the casein to aggregate and precipitate. The
CO2-precipitated casein (CO2CAS) is less soluble in water than cal-
cium or sodium caseinate, and the micellar structure remains intact
during the high-pressure precipitation process. Moreover, CO2CAS
creates films that are better moisture barriers and are less suscepti-
ble to high relative humidity (RH) than other previously mentioned
protein-and starch-based films with the exception of corn zein films,
which are hydrophobic. However, because films are made from dis-
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persions of CO2-casein in water, they are hazy and opaque and have
rough surface topography (Tomasula and others 1998).

For many film or coating applications, a transparent or glossy ap-
pearance is desired by consumers (Lee and others 2002). CO2CAS
films have unique and desirable properties, but the issue of haze
must be addressed. The improvements to the appearance should
be made with little or no deterioration of the water vapor barrier
and good tensile properties of the films. Large particles scatter light
reflecting off a film’s surface, reducing gloss and giving it a hazy ap-
pearance (Hunter 1987). We hypothesized that decreasing the par-
ticle size of the CO2-casein in the dispersion would decrease haze
and improve gloss.

As particle size is decreased, the appearance properties of the
CO2-casein films may not be the only properties affected. Changes
to the size of the CO2-casein particles will likely affect the tensile
properties. More particles will be created and total surface area of
the protein particles will also increase, creating more opportunities
for protein–protein interactions at particle interfaces. The strength,
stiffness, and flexibility of protein films is correlated to the extent of
hydrophobic and electrostatic interactions between colloidal par-
ticles. It is hypothesized that more plasticizer will be needed to in-
crease flexibility of the CO2CAS films, as particle size is decreased
because of increased protein–protein interactions. Water vapor per-
meability (WVP) is the measure of moisture migration through the
film. It can be affected by changing the solubility of the water in the
film system or by changing the diffusion coefficient of the water in
the film. In composite film systems of hydrocolloids and lipids, de-
creasing particle size of the lipid improved the moisture barrier prop-
erties (McHugh and Krochta 1994; Perez-Gago and Krochta 2001). In
parallel, it is hypothesized that decreasing particle size of the insolu-
ble CO2-casein will create a more tortuous path for water molecules
to travel through the film and decrease water vapor transmission
rates. An assumption is that the diffusing water will move through
the continuous phase of the film and not through the dispersed
CO2CAS particles (Rogers 1985).
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CO2-Casein films affected by particle size . . .

In this study, films were made from calcium caseinate (CaCAS)
and CO2CAS and were plasticized with glycerol. The plasticizer con-
tent was varied along with particle size of CO2CAS. Protein particle
size was affected by changing the shear treatment of film-forming
dispersions. The objective of this study was to determine the ef-
fect of CO2-casein particle size on the WVP, appearance, and tensile
properties of CO2CAS films. The results were compared to those of
CaCAS films, which are transparent films and are being used as an
appearance standard.

Materials and Methods

Materials
Films were made from either calcium caseinate (Alanate 310,

New Zealand Milk Products, Inc., Santa Rosa, Calif., U.S.A.) or from
high-pressure CO2-precipitated casein. The CO2-casein was made
following the procedure of Tomasula and others (1995), previously
mentioned. Skim milk (6 ◦C) purchased from the local supermar-
ket (500 g) was placed in a 1000-mL Parr batch reactor (model 4521
316SS, Parr Instrument Co., Moline, IL), and the reactor was sealed.
The milk was heated to 40 ◦C. CO2 was introduced to the batch reac-
tor over a 3-min period until pressure reached 800 psi. The milk was
held under these conditions for 5 min to precipitate the casein pro-
tein. To depressurize the system, an outlet was opened that allow the
pressurized liquid whey to flow out of the batch reactor. The whey
was filtered as it left the reactor to minimize loss of precipitated
casein. The casein was collected and weighed, and the moisture
content was determined. The casein was washed with distilled–de-
ionized water to bring the lactose content to less than 0.5%. After
washing, the casein was freeze-dried (Freezemobile 12 XL, VirTis,
Gardiner, N.Y., U.S.A.), ground (micronizer, Warring Laboratory Sci-
ence, Torrington, Conn., U.S.A.) and sieved (300 μm and 250 μm,
The Tyler Co., Cleveland, Ohio, U.S.A.). CO2-casein particles were
initially ≤250 μm. Protein solutions or dispersion were made with
distilled-deionized water (Barnstead International, Dubuque, Iowa,
U.S.A.).

Film solutions/dispersions
CaCAS solutions were made by dissolving the protein in water.

The caseinate solutions were 10% w/w. Calcium caseinate solubi-
lizes but initially clumps when introduced to water. To promote
hydration, break up clumps, and hasten the solution-making pro-
cess, a hand-held immersion blender (Braun, The Gillette Company,
Boston, Mass., U.S.A.) was used for 2 min. The blender mixed at
12000 rpm. The calcium caseinate was allowed to continue to dis-
solve for 30 min prior to the addition of the plasticizer. The solu-
tions were plasticized with glycerol (Sigma-Aldrich Chemical Co.,
Milwaukee, Wis., U.S.A.) at a level that the final dried films were
either 10%, 20%, or 30% plasticizer by mass. The solutions were de-
gassed under vacuum with a direct drive pump (Precision Scientific,
Winchester, Va., U.S.A.). On the basis of total solids of each solution,
1.5 g of solids were cast in 100 × 15-mm polystyrene Petri dishes

Table 1 --- Variable codes and descriptions

Variable code

Protein Mixer Mixer settinga 10% Glycerol 20% Glycerol 30% Glycerol

Calcium caseinate Hand blender 12000 RPM 10CA 20CA 30CA
CO2-casein Ultra-Turrax UT1 (6500 RPM) 10UT1 20UT1 30UT1
CO2-casein Ultra-Turrax UT3 (13500 RPM) 10UT3 20UT3 30UT3
CO2-casein Ultra-Turrax UT6 (24500 RPM) 10UT6 20UT6 30UT6

aAll settings were mixed for 2 min.

(Fisherbrand, Fisher Scientific, Fairlawn, N.J., U.S.A.). Films were
allowed to dry overnight at ambient conditions. Films were then
peeled and conditioned in an environmental chamber kept at 53%
RH with a saturated magnesium nitrate solution (Sigma-Aldrich,
Milwaukee, Wis., U.S.A.) for 2 d.

CO2CAS dispersions were made using an Ultra-Turrax model
T25 (IKA Works Inc., Wilmington, N.C., U.S.A.). Compared to the
hand blender, the Ultra-Turrax produced higher and variable shear
treatments that were needed to disperse the CO2-casein. The 10%
wt/wt protein dispersions were mixed for 2 min using the 6500 rpm
(UT1), 13500 rpm (UT3), or 24000 rpm (UT6) setting. For each set-
ting, dispersions were plasticized at the same levels as the CaCAS
solutions—10%, 20%, or 30%. Films were cast, dried, and condi-
tioned as described above. Table 1 shows a list and description of all
the variables and variable codes used in this study.

Water vapor permeability measurements
After conditioning, films were tested for WVP following the ASTM

methodology (ASTM 1995). Film thickness was measured (microm-
eter, model LG3602-02-04, Ames, Waltham, Mass., U.S.A.) five times
for each sample, and an average was calculated. Films were sealed
in Plexiglass cups with an exposed area of 20.27 cm2

. Distilled wa-
ter was used to create a 100% RH environment on the inside of the
cup. The air gap between the film and the surface of the water was
0.6 cm. Cups were put in a chamber with air circulation and with a
targeted RH of 0% (Drierite). Actual RH in the chamber was mea-
sured to be 8% ± 3% RH with a hygrometer/thermometer pen with
memory (Traceable Fisherbrand, Fisher Scientific, Fairlawn, N.J.,
U.S.A.). Room temperature was 25 ◦C ± 2 ◦C. The initial weight of
each cup was taken, and then the weight was measured over a 24-h
period at intervals that were at least 3 h long. WVTR was calculated
from the slope of the linear regression (Excel, Microsoft, Redmond,
Wash., U.S.A.) of weight loss versus time data. Permeance was cal-
culated using the correction method for hydrophilic films described
by McHugh and others (1993).

Permeance = WV T R
p 2 − p 3

,

where p2 is the corrected partial pressure at the inner surface of the
film, and p3 is the partial pressure at the outer film surface. WVP was
determined by multiplying permeance by average film thickness.

Tensile properties measurements
After conditioning for 48 h at 53% RH, the films were cut into 5 ×

35 mm strips. Tensile properties were measured following the stan-
dardized method for plastic sheeting films (ASTM 2001). To allow
comparison to results from previous studies of CO2CAS film prop-
erties (Tomasula and others 1998), a grip head speed of 5 mm/min
was used. Initial grip separation was 25 mm. Tensile strength, elas-
tic modulus, and percent elongation at break were calculated. These
properties were measured using an Instron Universal Testing Ma-
chine (Instron Corp., Canton, Mass. U.S.A.). For each replicate, five
strips of film were tested.
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Appearance properties
Gloss and haze of the flat films were measured using a Micro-Tri-

Gloss meter (Tricor Systems Inc., Elgin, Ill., U.S.A.). The instrument
measures specular reflection of the surface of the films when light is
incident at either a 20◦, 60◦, or 85◦ angle to the normal. The instru-
ment is calibrated with a black and flat mirror with a refractive index
of 1.567. Films were placed on a matte, flat and black surface that has
negligible measured reflectance. Gloss of the films was measured at
the 20◦ and 60◦ angles according to the standardized method for
flat surfaces (ASTM 1989). For gloss results of this study, the values
measured at the 60◦ angle only are reported. For high-gloss sur-
faces, haze can be calculated by subtracting the gloss value at 60◦

from the gloss value at 20◦ according to the standardized method
for reflection haze (ASTM 1999). The larger the difference between
the measurements is, the hazier the sample. A minimum gloss value
(gloss units) of 70 with a 60◦ angle of incidence is needed for a surface
to be considered high gloss.

Particle size analysis
The particle size distribution of the CO2CAS aqueous dispersions

was measured using an AccuSizer Model 780 (Particle Sizing Sys-
tems, Inc., Santa Barbara, Calif., U.S.A.). The samples were injected
into the AccuSizer equipped with an autodilution system. Visual in-
spection of the CO2CAS dispersions found an observable decrease in
particle size going from the UT1 to UT6 treatments. However, for all
CO2CAS protein dispersion, the particle size distribution was large,
and it was difficult to compare samples on the basis of the entire
distribution. Therefore, changes in particle size for the dispersions
were verified by correlating the minimum size of the particles in the
top 10% of the distribution to shear rate. This procedure was similar
to that used by Driscoll (2004) and Driscoll and others (2002) to in-
vestigate changes in lipid particle size in parenteral emulsions. They
monitored increasing lipid size by invoking the “large-diameter tail”
method.

Microscopic imaging
SEM analysis. Strips of the film, approx. 1 × 2.5 cm, were ex-

cised with a stainless steel razor blade, and each strip was immersed
into 20 mL of 2.5% glutaraldehyde-0.1M imidazole buffer HCl at pH
7.2 for several hours to cross-link the protein. Following this initial
step, the strips were washed in buffer, dehydrated in a graded se-
ries of ethanol solutions (50%, 80%, absolute), and frozen in liquid
Nitrogen. The frozen strips were fractured manually using fine for-
ceps, across the longitudinal axis, and the fragments were quickly
thawed into absolute ethanol. Next, the fractured pieces were crit-
ical point dried from liquid CO2, and the dry pieces were mounted
onto aluminum specimen stubs with Duco Cement (ITW Perfor-
mance Polymers, Riviera, Fla., U.S.A.) with the fractured faces up.
Finally, the samples were sputter coated with a thin layer of gold and
examined in a Quanta 200 FEG scanning electron microscope (FEI
Co., Inc., Hillsboro, Oreg., U.S.A.), operated in the high vacuum and
secondary electron imaging mode. Digital images were collected at
magnifications of 1000× and 10000×. Only the 10000× images are
presented.

Stereofluorescence. Optical imaging of the strips was done
with a model MZ FLIII stereofluorescence microscope, equipped
with a DC100 charge-coupled device camera (Leica Microsystems,
Bannockburn, Ill., U.S.A.) and transmitted illumination from a 150 W
halogen lamp in an Intralux 5000-1 lamphouse (Volpi Manufactur-
ing, Auburn, N.Y., U.S.A.).

Figure 1 --- Pearson correlation analysis of minimum parti-
cle size of the top 10% largest particles in the CO2CAS
dispersions and shear rate

Statistical analysis
Three replicates were made for each variable. A two-factor, com-

plete block design was used for this study. ANOVA was performed
using SAS (SAS Institute Inc., Cary, N.C., U.S.A.). Correlation calcu-
lations were done with Excel (Microsoft, Redmond, Wash., U.S.A.).

Results and Discussion

Particle size
Figure 1 shows the change in minimum particle size for the top

10% largest particles in each dispersion population versus shear rate.
Shear rate was calculated from the diameter of the rotor of the Ultra
Turrax (17 mm), the rotation rate of the Ultra Turrax, and the gap
between the rotor and stator (0.5 mm).

Shear Rate = (Diameter of Rotor)(rpm)
(Gap)(60 s/ min)

Particle size analysis showed a significant negative correlation
(Pearson coefficient R = −0.730, P < 0.001) between shear treat-
ments (rpm of Ultra-Turrax) of the CO2CAS solutions and particle
size. As shear stress increased in the form of increased rotations
per minute of the homogenizer, the particle size of the dispersions
decreased. For the top 10% of the particle distributions, on average,
particle size decreased from 126.4 μm to 111.8 μm to 85.9 μm for the
UT1, UT3, and UT6 treatments, respectively. The UT6 average parti-
cle size was significantly smaller than the UT1 and UT3 dispersions,
based on ANOVA. As shear treatment increased, the scatter of par-
ticle size in the largest 10% of the population decreased, indicating
increasing homogeneity.

Gloss properties
Appearance properties of the CO2CAS films were significantly af-

fected by decreasing particle size. As a reference, the gloss and haze

Table 2 --- Average gloss values for calcium caseinate and
CO2-precipitated films plasticized with various levels of
glycerol

Average gloss value of films

10% 20% 30%
Protein and treatment Glycerol Glycerol Glycerol

Ca Caseinate --- hand blender 130.5a 149.3a 147.0a

CO2CAS-UT6 (24000 rpm) 110.6b 118.1b 119.7b

CO2CAS-UT3 (13500 rpm) 77.7c 79.2c 57.7c

CO2CAS-UT1 (6500 rpm) 68.1c 54.8d 36.8d

a−dFor each column, letters indicate significant difference at the 95% confidence
level.
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Figure 2 --- Stereofluorescence
images film made from calcium
caseinate and CO2-precipitated
casein plasticized with glycerol:
(a) 20CA; (b) 20UT1; (c) 20UT3;
(d) 20UT6.

Figure 3 --- SEM images film made
from calcium caseinate and
CO2-precipitated casein
plasticized with glycerol: (a)
20UT1; (b) 20UT3; (c) 20UT6;
(d) 20CA.
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of films made from CaCAS were measured, and the values were com-
pared to those of the CO2CAS films. CaCAS films were used because
they are transparent and highly glossy, both desirable characteris-
tics of edible films and coatings. Table 2 shows the gloss of all films
measured with a 60◦ angle of incidence for the light source. For all
glycerol levels, gloss followed the trend of CaCAS > UT6 > UT3 >

UT1. Averaged over all glycerol levels, the CO2CAS films with the
largest particle size (UT1) would be considered semigloss surfaces
(that is, gloss < 70), while all others were high-gloss surfaces. There-
fore, the UT1 samples were not analyzed for haze according to the
ASTM method used. The CaCAS films were transparent and highly
glossy with an overall gloss value of 142.3. Reducing particle size of
the CO2CAS dispersions created films that much more closely re-
sembled the CaCAS films. With the largest particle size, UT1 films
were opaque and had an overall gloss value of 55.3. As particle size
of the CO2CAS decreased with shear treatment, gloss of the films
significantly increased to 73.3 and 116.8 for the UT3 and UT6 sam-
ples, respectively. Also, haze was positively affected and reduced by
decreasing particle size of the CO2CAS. The CaCAS reference films
had an overall haze value of 33.5. The UT3 samples were signifi-
cantly hazier with an average value of 45.4. Decreasing particle size
in the UT6 samples decreased haze to 40.7, a value not significantly
different from the CaCAS film based on ANOVA.

Microscope imaging
Figure 2 and 3 show the stererofluorescence images and the SEM

images of the CaCAS and CO2CAS films, respectively. Comparing
the stererfluorescence images, changes to CO2CAS particle size and
particle packing with different shear treatments is evident and re-
flect the particle size data determined in solution. As particle size
was reduced between the UT1 and UT3 (Figure 2b and 2c, respec-
tively) samples, the spacing (lighter areas) between large particles
(darker areas) is decreased indicating closer particle packing in UT3
films. The stereofluorescence image for UT6 (Figure 2d) showed sig-
nificant decrease in the particle size of CO2-casein and resembled
the image of the CaCAS film with increased homogeneity. The SEM
images in Figure 3 show changes to the nanostructure, as particle
size of CO2CAS was reduced. The UT1 image (Figure 3a) shows well-
defined, small circular particles. The UT3 film sample (Figure 3b)
had less variation in the topography, and the particles were less
well defined. The loss of definition in the UT3 sample could have
been caused by closer packing of the protein particles. The UT6
image (Figure 3c) resolved small subunits indicating fracturing of
the casein micelle with increasing shear treatment. The UT6 sam-
ple is similar to the CaCAS sample (Figure 3d). The changes to the
microstructure and nanostructure observed in the microscopic im-
ages can be correlated to the changes in tensile properties and WVP
of CO2CAS films with decreasing particle size.

Tensile properties
Figure 4 shows the tensile properties for all CaCAS and CO2CAS

films as affected by glycerol content and particle size. Results are
in agreement with previously reported values for CO2CAS films
plasticized with glycerol listed in Tomasula and others (1998). As
expected, increasing plasticizer content significantly interrupted
protein–protein interactions in the film matrices and decreased
tensile strength and elastic modulus and increased elongation. For
UT1- and UT3-film samples, when particle size was decreased from
126.4 μm to 111.8 μm, average overall tensile strength increased
from 11.9 MPa to 13.7 MPa. Similarly, elastic modulus increased
from 674.3 MPa to 950.5 MPa. Although the protein–glycerol mass
ratios were the same for the UT1 and UT3 samples, more plasticizer
would be required for the UT3 films to get the same tensile properties

Figure 4 --- Tensile properties of calcium caseinate and
CO2-precipitated casein films with various levels of glyc-
erol plasticizer: (a) tensile strength; (b) elastic modulus;
(c) percent elongation at break.

as the UT1 films. This is because the decreased particle size in the
CO2CAS films treated with the Ultra-Turrax (IKA Works Inc.) 13500
rpm (UT3) allowed for closer protein particle packing and created
more possibilities for protein–protein interactions. However, further
reduction of particle size weakened CO2CAS films. Tensile strength
of the UT6 films decreased along with elastic modulus and elon-
gation. The high shear of the UT6 treatment changed the micelle
structure beyond particle size reduction as seen in the SEM images.
Fracturing the micelle weakened the hydrophobic forces in com-
parison with those in the UT3 samples with intact micelles, leading
to weaker films.

Water vapor permeability
Similar trends were seen with changes to WVP, as particle size of

CO2CAS was decreased in the films. Figure 5 shows average WVP
results for all films. Averaged over all glycerol levels, the CaCAS films
had the highest WVP at 5.09 cc mm/kPa m2 h. This is consistent with
Tomasula and others (1998), who found the CaCAS film had higher
WVP compared with the CO2CAS film. As particle size was reduced,
average WVP of the CO2CAS films decreased from 3.78 to 3.12 for the
UT1 and UT3 films, respectively. As in the tensile properties, further
reduction of the CO2CAS particle size caused a negative effect of
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Figure 5 --- Effect of decreasing particle size and glyc-
erol amount on the water vapor permeability of CO2-
precipitated casein films.

Table 3 --- Average thickness of calcium caseinate and
CO2-precipitated films plasticized with various levels of
glycerol

Average thickness of films (mm)

Protein 10% Glycerol 20% Glycerol 30% Glycerol

Ca Caseinate 0.331 (0.079)a 0.301 (0.056) 0.280 (0.038)
CO2CAS-UT6 0.334 (0.004) 0.306 (0.033) 0.203 (0.031)
CO2CAS-UT3 0.236 (0.042) 0.229 (0.022) 0.175 (0.017)
CO2CAS-UT1 0.282 (0.020) 0.272 (0.033) 0.261 (0.073)

aStandard deviations in parentheses.

film barrier properties with WVP increasing to 4.61 cc mm/kPa m2

h for the UT6 sample. Looking at results for each of the individ-
ual plasticizer levels, the WVP of the UT3-treated CO2CAS samples
were the lowest of all film samples. It is assumed that the decrease
of water vapor transmission in the UT3 films was caused by the
denser packing of insoluble CO2-casein particles and the decrease
in free volume. Average film thickness for all variables is shown in
Table 3. For the same amount of plated solids and plasticizer ra-
tios, UT3 film samples were thinnest, reflecting the tighter particle
packing.

Conclusions

The gloss, haze, WVP, and tensile properties of high-pressure
CO2-precipitated casein films can be improved by reducing par-

ticle size of the protein. However, there is a limit. Further reduction
with high shear treatment can cause fracturing of CO2CAS micelles,
subsequently weakening film. Because it is less soluble in water,
CO2CAS makes a better water barrier compared to many other hy-
drophilic agriculture hydrocolloids used to make edible films and
coatings. Results of this study suggest films made from blends of

reduced-particle-size CO2CAS and the other more water-soluble hy-
drocolloids could have better water vapor barrier properties than the
soluble hydrocolloids alone. By manipulating the free volume of the
system and the protein–protein interactions, particle size reduction
of CO2CAS is an alternative procedure to the addition of plasticizer
to affect film physical properties. This information could be used
to design film and coating applications using CO2CAS with desired
appearance, barrier, or tensile properties.
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